A model pre-mRNA substrate was used to carry out a detailed investigation of the functional organization of sequences at the 3' end of mammalian introns. This analysis revealed a difference in the sequence requirements for the first and second steps of the splicing reaction (lariat formation and exon ligation, respectively). Maximal efficiencies of lariat formation require a pyrimidine stretch directly adjacent to the branch site. In addition, efficient lariat formation can be specified in at least two distinct ways, one that requires the AG dinucleotide at the 3' splice junction, and the other that does not: If the pyrimidine stretch is short (14 nucleotides), an adjacent AG is essential; in contrast, the AG is not required in the presence of a long pyrimidine stretch (26 nucleotides). In a pre-mRNA containing a long pyrimidine stretch, efficient lariat formation is observed when the branch site is located greater than 100 nucleotides upstream from the AG or when the AG is preceded by a purine stretch. Although splicing usually takes place at the first AG downstream from the branch site, both distance and sequence play roles in the efficiency of this reaction.
The sequences required for splicing in higher eukaryotes include conserved elements at the 5' and 3' splice sites and a less conserved element, the branchpoint sequence (BPS), at the site of lariat formation (for reviews, see Green 1986; Padgett et al. 1986; Maniatis and Reed 1987; Krainer and Maniatis, 1988; Steitz et al. 1988 ). In addition, exon sequences play a role in splice-site selection (Somasekhar and Mertz 1985; Reed and Maniatis 1986; Helfman et al. 1988; Hampson et al. 1989; Streuli and Saito 1989) . Each of these sequence elements appears to have multiple roles in the splicing reaction. For example, sequences at the 5' splice site are required for cleavage at the 5' splice site and lariat formation, as well as for cleavage at the 3' splice site and exon ligation. Similarly, sequences at the BPS and 3' splice site are required for both of these steps (for review, see Krainer and Maniatis 1988; Steitz et al. 1988) .
Conserved sequences at the 3' splice site consist of a 12-nucleotide pyrimidine stretch, followed by an AG dinucleotide, and a pyrimidine residue immediately preceding the AG (Mount 1982) . The BPS is usually located 18-40 nucleotides upstream from the 3' splice junction Zeitlin and Efstradiatis 1984; Keller and Noon 1984; Reed and Maniatis 1985) . U2 small nuclear ribonucleoprotein particle (snRNP) binds to a region of the intron that includes the branch site (Black et al. 1985) , and mutations in the BPS that decrease complementarity with a conserved region in U2 snRNA decrease the efficiency of splicing (Reed and Maniatis 1988; . Recently, direct evidence was obtained that base-pairing between U2 snRNA and the BPS occurs in higher eukaryotes (Wu and Manley 1989; , as was shown previously in yeast (Parker et al. 1987) . Binding of U2 snRNP to the branch site in metazoan introns is facilitated by a factor, designated U2AF, that binds to the pyrimidine stretch (Ruskin et al. 1988) .
Several mutations in the sequence element at the 3' splice site have been examined during splicing in vitro (for reviews, see Green 1986; Padgett et al. 1986; Steitz et al. 1988; Krainer and Maniatis 1988) ; however, the role of these sequences in the first and second steps of the reaction has not been clearly established. Mutations in the AG dinucleotide in human f~-globin intron 1 decrease the efficiency of lariat formation, but do not abolish this reaction Ruskin and Green 1985) . In contrast, deletion of the pyrimidine stretch in human ~-globin intron 1 or an adenovirus intron abolishes lariat formation (Frendewey and Keller 1985; Reed and Maniatis 1985; Ruskin and Green 1985) and spliceosome assembly (Frendewey and Keller 1985; Bindereif and Green 1986) . These data suggested that the pyrimidine tract is essential for lariat formation and that the AG dinucleotide increases the efficiency of this reaction. Examination of mutations in the 3' splice site in other introns, however, has made it difficult to generalize these rules. In contrast to human f~-globin intron 1, mutations in the AG dinucleotide of rabbit ~3-globin intron 2 virtually abolish the first step of the reaction (Aebi et al. 1986 ) and spliceosome assembly (Lamond et al. 1987) . Similarly, mutation of CAG to AAG in rabbit ~-globin intron 2 leads to a substantial reduction in the efficiency of the first step of the reaction (Aebi et al. 1986 ) whereas the corresponding mutation has no effect in human [3-globin intron 1 (R. Reed, unpubl.) .
In contrast to these observations, the consensus 3' splice site does not appear to be required at all for the first step of the splicing reaction with some pre-mRNAs. For example, the splicing efficiency of an SV40 early region pre-mRNA is not significantly affected by insertion of a purine stretch adjacent to the AG dinucleotide (Fu et al. 1988) . In addition, the 3' splice site of several naturally occuring pre-mRNAs consists of purine-rich sequences preceding the AG dinucleotide (Mount 1982; Falkenthal et al. 1985; Shelley et al. 1985; Bernstein et al. 1986; Rozek and Davidson 1986; George et al. 1989) .
The functional significance of the conserved distance between the branch site and the 3' splice junction is also not clear. Most branch sites are located between 18 and 40 nucleotides from the 3' splice junction suggesting that branch-site selection occurs by a mechanism that measures the distance between the 3' splice junction and the BPS (for review, see Green 1986) . However, this model is difficult to reconcile with the observation that BPSs located as far as 177 nucleotides upstream from the 3' splice junction are used efficiently in several alternatively spliced pre-mRNAs (Helfman and Ricci 1989; E. Brody, pers. comm.; I. Mims and P. Bingham, pets. comm.) . Additional studies are required to determine whether these alternatively spliced pre-mRNAs contain unique sequences or structures for the use of distant branch sites, or whether the conserved distance between the AG and branch site seen in most pre-mRNAs is not a strict requirement for lariat formation.
Although a systematic analysis of the sequence requirements for cleavage at the 3' splice site and exon ligation has not been reported, in vitro splicing studies have shown that the AG dinucleotide is essential for this step of the reaction Ruskin and Green 1985; Aebi et al. 1986 ). In addition, analysis of a [3-thalassemia splicing mutant containing two AG dinucleotides revealed that the first AG downstream from the branch site is used (Krainer et al. 1985; Reed and Maniatis 1985) . This observation suggests that proximity of the AG to the branch site is an important parameter in selecting the correct AG.
To investigate the role of both sequence and distance between the branch site and 3' splice junction, I examined the effects of deletions, duplications, and substitutions on the first and second steps of the splicing reaction. These studies revealed that distant branch sites, analogous to those seen in some alternatively spliced pre-mRNAs (Helfman and Ricci 1989; Smith and NadalGinard 1989) , can be activated in a model pre-mRNA substrate if a long pyrimidine stretch is located immediately downstream from the branch site. Efficient lariat formation was also observed in pre-mRNAs containing purine-rich 3' splice sites if a long pyrimidine stretch follows the branch site. However, when a short pyrimidine stretch follows the branch site, an adjacent AG dinucleotide is required. Finally, the data reveal that there is a high degree of flexibility in the arrangement of 3' splice site sequences that promote efficient splicing.
Results
To investigate the sequence requirements for the first and second steps of the splicing reaction, pre-mRNAs containing mutations between the 3' splice junction and branch site were examined during splicing in vitro. To facilitate this analysis, a transcription template encoding a model pre-mRNA substrate was constructed (see Materials and methods). This pre-mRNA is derived from human [3-globin pre-mRNA and contains synthetic sequences extending from the branch site to the 3' splice junction of intron 1. The synthetic sequence contains a single BPS followed by a 28-nucleotide pyrimidine-rich sequence and AG dinucleotide (Fig. 1, pre-mRNA A) . The branch-site adenine is located 32 nucleotides upstream of the 3' splice junction. The rationale for substituting synthetic sequences for the normal sequences in this region was based on a number of considerations. First, adenine residues that could serve as potential cryptic branch sites were eliminated. Second, a portion of exon 2 that contains cryptic 3' splice sites was eliminated on the basis of previous studies showing that these sites are used efficiently when the normal 3' splice site is mutated (Krainer et al. 1985) . Third, the synthetic sequence includes restriction sites for introducing mutated sequences. Examination of the in vitro splicing products generated from the model pre-mRNA demonstrated that this RNA precursor is spliced efficiently tFig. 1, lanes 1 and 2).
Purine substitutions adjacent to the BPS or AG dinucleotide decrease splicing efficiency
To study the role of the pyrimidine stretch, purine-rich sequences were substituted either adjacent to the BPS or adjacent to the AG dinucleotide. (Adenine nucleotides were not used for substitutions adjacent to the BPS because of the potential for creating cryptic branch sites.) When four pyrimidine residues near the BPS were substituted with guanine residues, a dramatic decrease in the first step of the splicing reaction was observed (Fig.  1, lanes 3 and 4) . The second step of the reaction was not blocked by this substitution as the lariat intermediate was efficiently converted to spliced product by the later time point (Fig. 1, lane 4) . When an additional two pyrimidine residues near the BPS were substituted with guanines, the efficiency of the first step of the splicing reaction was decreased even further, and, again, the second step was not blocked (Fig. 1, lanes 5 and 6) . A substantial decrease in the first step of the reaction was also observed with a pre-mRNA in which most of the pyrimidines adjacent to the AG dinucleotide were substituted with purines ( Fig. 1, lanes 7 and 8) . Interestingly, the second step of the reaction was not prevented by this purine substitution. Thus, the pyrimidine tract adjacent to the 3' splice junction appears to affect the Figure 1 . The effect of purine substitutions in the pyrimidine-rich sequences between the branch site and 3' splice junction. Splicing reactions containing 32p-labeled SP6 pre-mRNAs were carried out for 60 or 105 min, as indicated, and analyzed by electrophoresis on a 6.5% denaturing polyacrylamide gel. The structure of the splicing intermediates and products corresponding to each band is shown. The band marked by the arrow is an exonucleolytic degradation product that results from protection of the pre-mRNA at the branchpoint region Ruskin et al. 1984; Noble et al. 1989 ). The schematic diagrams show the sequence of the region between the branch site and the 3' splice site and the structure of each pre-mRNA. The pyrimidines are shown in uppercase letters, and the purines are shown in lowercase letters. (GU) 5' splice site; (BPS) branchpoint sequence (CUGAC); (AG) 3' splice junction. The number above BPS indicates the distance of the branch site from the AG dinucleotide. The boxes indicate human B-globin exon sequences; the line indicates the intron. Exon 1 is 155 nucleotides, exon 2 is 180 nucleotides, and the intron is 130 nucleotides. The pre-mRNAs that were spliced are as follows: A (Lanes 1 and 2); B {lanes 3 and 4); C {lanes 5 and 6); D (lanes 7 and 8).
efficiency of the first, but not the second, step of the splicing reaction.
The decreased efficiencies of lariat formation observed with the purine substitution mutants may indicate that the pyrimidine stretch must be contiguous with both the AG dinucleotide and BPS. Alternatively, a minimal length of pyrimidines may be required for the first step of the reaction, and the purine substitutions merely shorten the pyrimidines below this minimal length. To examine this question, the purine substitutions were analyzed in the presence of longer pyrimidine tracts. In these pre-mRNAs, the branch site is located 44 nucleotides from the 3' splice junction (Fig. 2, lanes 3-8) . For comparison, the splicing products obtained with the original model pre-mRNA substrate are shown in Figure  2 , lanes 1 and 2. Examination of the pre-mRNA containing six guanine substitutions adjacent to the BPS and a long pyrimidine stretch adjacent to the AG (Fig. 2 , lanes 5 and 6) revealed a substantial increase in splicing efficiency relative to the same substitutions in the presence of the shorter pyrimidine stretch (Fig. 1 , lanes 5 and 6). A similar increase in efficiency was observed when a long pyrimidine stretch was inserted into the pre-mRNA containing the purine-rich stretch adjacent to the AG (cf. Figs. 1 and 2, lanes 7 and 8). Thus, the presence of a longer pyrimidine tract does indeed increase the splicing efficiency of a pre-mRNA containing purine substitutions. However, the splicing efficiency of a pre-mRNA containing a continuous pyrimidine stretch between the BPS and AG (Fig. 2 , lanes 3 and 4) is significantly more efficient than the purine substitution adjacent to the BPS (Fig. 2 , lanes 5 and 6) and slightly more efficient than the purine substitution adjacent to the AG dinucleotide (Fig. 2 , lanes 7 and 8).
These data suggest that the location of the pyrimidine stretch with respect to the BPS and AG, as well as the length of the pyrimidine stretch, affect the first step of the splicing reaction. The reaction is efficient when a long pyrimidine tract is directly adjacent to the BPS. This efficiency is not significantly increased when the pyrimidine stretch is also directly adjacent to the AG (cf. Fig. 2 , lanes 3, 4, 7, and 8). In contrast, the efficiency of the first step of the reaction is reduced when the pyrimidine stretch is separated from the BPS by purine-rich sequences. In this case, the first step of the reaction is significantly more efficient if a long, rather than a short, pyrimidine stretch is located downstream (cf. Figs. 1 and 2, lanes 5 and 6). pre-mRNAs were carried out for 60 or 105 min, as indicated, and analyzed by electrophoresis on a 6.5% denaturing polyacrylamide gel. The structure of the splicing intermediates and products corresponding to each band is shown. The arrow indicates the exonucleolytic degradation product that results from protection of the pre-mRNA at the branchpoint region. The schematic diagrams show the sequence between the branch site and the 3' splice junction and the structure of each pre-mRNA. Designations are as described in the legend to Fig. 1 . A {Lanes 1 and 2); B {lanes 3 and 4); C (lanes 5 and 6); D {lanes 7 and 8).
A long pyrimidine stretch is functionally equivalent to a short pyrimidine stretch followed by an AG To examine the requirement for the AG in the first step of the reaction, pre-mRNAs containing either a short or long pyrimidine stretch adjacent to the BPS were tested in the presence or absence of an adjacent AG. As shown in Figure 3 , the first step of the reaction is virtually abolished when the BPS is followed by a 14-nucleotide pyrimidine stretch, but no AG (Fig. 3, lanes 1 and 2) . After long exposures of the film, a very low level of the first step of the reaction can be detected (data not shown). Strikingly, however, efficient splicing was observed when the identical 14-nucleotide pyrimidine stretch is followed directly by an AG dinucleotide (Fig. 3 , lanes 3 and 4; note that the sequences following the AG differ in the two pre-mRNAs but do not affect splicing efficiency).
In contrast to these results, the presence or absence of the AG dinucleotide has very little effect on the first step of the splicing reaction when the BPS is followed by a long pyrimidine stretch (Fig. 3, lanes 5 and 6) . In fact, the efficiency of lariat formation is about the same as that observed with the control pre-mRNA (Fig. 3, lanes 7  and 8) . Thus, for the first step of the reaction, a long pyrimidine stretch adjacent to the BPS is functionally equivalent to a short pyrimidine stretch followed by an AG dinucleotide. Interestingly, longer film exposures of pre-mRNA D (data not shown) revealed a very low level of a linear RNA species that appears to result from use of an AG dinucleotide located within the second exon (41 nucleotides from the branch site; Fig. 3 ). The inefficient use of this AG for the second step of the reaction may be attributed to the presence of a G residue preceding the AG, as GAG does not appear to function efficiently for the second step of the reaction, at least in some introns , see Discussion).
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Activation of a branch site located far upstream from the 3' splice junction
In the experiments presented above, the effects of the purine substitutions on the first step of the splicing reaction were examined. However, the direct effect of these mutations may be at the level of branch-site selection, on the basis of the observation that 3' splice-site sequences are required for interactions at the branch site (Black et al. 1985; Chabot and Steitz 1987; Kramer 1988; Ruskin et al. 1988) . To investigate this possibility, premRNAs containing tandemly duplicated BPSs adjacent to either purine-or pyrimidine-rich sequences were examined (Fig. 4) . Using this cis-competition assay, the effects of different sequences on branch-site selection are readily detected by a change in the pattern of branch-site use. The role of distance between the BPS and 3' splice junction in branch-site selection was also examined using the cis-competition assay as the duplicated BPSs were located as far as 116 nucleotides upstream from the 3' splice junction. Similar cis-competition assays were used previously to investigate the sequence requirements for splicing Maniatis 1986, 1988; .
Pre-mRNA D (Fig. 4, lanes 10-12) contains two BPSs, located 32 and 68 nucleotides upstream from the 3' splice junction. A long pyrimidine stretch is adjacent to the BPS located at -68, whereas purine-rich sequences are adjacent to the BPS located at -3 2 . The AG dinucleotide is preceded by a short pyrimidine stretch (16 nucleotides). Interestingly, exclusive and efficient use of the BPS located at -6 8 was observed with this premRNA. The basis for this branch-site assignment is described in Materials and methods. Although the normal AG dinucleotide was used for the second step of the reaction, the kinetics were m u c h slower, and the reaction was less efficient than that observed when the BPS is located 32 nucleotides from the 3' splice junction (Fig. 4,  cf. lanes 1-3, and lanes 10-12) . These data show that lariat formation can occur efficiently at distances > 1 8 -4 0 nucleotides from the 3' splice junction. However, the efficiency of the second step of the reaction is clearly affected by the increased distance and/or by the sequences between the branch site and the 3' splice junction.
These conclusions are supported further by the observation that a BPS located 116 nucleotides upstream from the 3' splice junction was used efficiently in pre-mRNA B, which contains four tandemly duplicated BPSs (Fig. 4 , lanes 4 -6 ; for explanation of branch-site assignment, see Materials and methods). The BPS located at -116 is followed by a long pyrimidine stretch, whereas the downstream BPSs are all followed by purine-rich sequences. A 16-nucleotide pyrimidine stretch is immediately upstream from the AG. However, in contrast to the results obtained with the pre-mRNA D (Fig. 4, lanes Cold pre-mRNAs were spliced in vitro for 1, 2, or 2.5 hr, as indicated, and fractionated by electrophoresis on a 6.5% denaturing polyacrylamide gel. The structure of the splicing intermediates and products corresponding to each band is shown. The pre-mRNA and lariat intermediate are indicated at left for pre-mRNA A (lanes 1-3) and at right for the remaining pre-mRNAs. (*) The exonucleolytic degradation product that results from protection of the pre-mRNA at the branchpoint region. A linear RNA species that decreases during the splicing reaction is seen above the branchpoint protection band with pre-mRNAs C and E (lanes 7-9 and 13-15). This RNA species may be a stable breakdown product of these similar pre-mRNA substrates. The sequences between the branch site and 3' splice site are shown below the autoradiograph. The duplicated BPSs are underlined, and the BPS that is used for lariat formation is indicated by underscoring and boldface lettering. The distance between this BPS and the AG is indicated. Exon sequences are designated by shadowed lettering. A (Lanes 1-3) ; B (lanes 4-6); C (lanes 7-9); D (lanes 10-12); E (lanes 13-15).
10-12), barely detectable levels of the second step of the reaction were observed with pre-mRNA B (Fig. 4, lanes  4-6) . This result suggests that the distance between the BPS and the 3' splice junction, the sequence, or both decrease the efficiency of the second step of the reaction. To address these possibilities, a purine stretch was substituted immediately upstream of the 3' splice site in pre-mRNAs B and D to generate pre-mRNAs C and E (Fig. 4) . Interestingly, although the first step of the reaction was not affected by these substitutions, the second step of the reaction was abolished (Fig. 4, lanes 7-9,  13-15 ). These data indicate that the sequences between the branch site and the 3' splice junction can affect the second step of the reaction. However, distance also appears to play an important role in the efficiency of the second step of the reaction because the same purine substitutions have no effect on the second step when the branch site and the 3' splice site are closer together (cf. Figs. 1, 2, and 4) .
Further insight into the requirements for branch-site selection was provided by an analysis of a pre-mRNA in which a short pyrimidine stretch was adjacent to the upstream BPS (located at -56), and purine-rich sequences were located adjacent to the downstream BPS (Fig. 5a , lanes 9 and 10). Only very low levels of spliced RNA were detected with this pre-mRNA. Comparison of the splicing reaction of this pre-mRNA on a 6.5% and 8% denaturing polyacrylamide gel identified two lariat intermediate species, corresponding to use of both the BPS at -5 6 and the BPS at -3 2 (Fig. 5a, b, lanes 9 and 10) . Figure 5. The effect of adjacent sequences on the relative use of tandemly duplicated branch sites. SP6 pre-mRNAs were spliced in vitro for 60 or 105 min, as indicated, and fractionated by electrophoresis on a 6.5% (a) or an 8% (b) denaturing polyacrylamide gel. The structure of the pre-mRNA and splicing products corresponding to each band is shown. (*) Lariat-exon intermediates; the arrow refers to the exonucleolytic breakdown product generated by protection at the branch site. The sequences of the relevant regions are shown below the autoradiograph. The functional BPS and AG are indicated by underscoring and boldface lettering, and the distance between them is shown. The duplicated AG and BPSs that are not used for splicing are underlined and exon sequences are designated by shadowed lettering. A (Lanes 1 and 2); B (lanes 3 and 4); C (lanes 5 and 6); D (lanes 7 and 8); E (lanes 9 and 10).
These lariat intermediates were not observed on the 6.5% gel because they comigrated with the pre-mRNA or its breakdown products, but were readily detected on the 8% gel. These results provide further evidence that the pattern of branch-site selection can be dramatically altered by the sequences adjacent to the BPS. In addition, the data show that efficient use of a BPS located far upstream from the 3' splice junction requires an adjacent pyrimidine stretch of a m i n i m a l length.
Data presented above (see Fig. 3 ) suggest that the use of the -56 BPS, adjacent to the short pyrimidine stretch (Fig. 5a, b, lanes 9 and 10) should be improved by insertion of an AG dinucleotide, because this should compensate for the short pyrimidine stretch. To test this possibility, pre-mRNA D was examined {Fig. 5a, b, lanes 7 and 8). Because of the restriction sites used for constructing this pre-mRNA, two AG dinucleotides are present. Analysis of the mobility of the lariat intermediate generated from pre-mRNA D revealed that the upstream BPS was used exclusively and efficiently (compare the mobility of this lariat intermediate with the lariat intermediates in lanes 3 -6 in which the downstream BPS is used; see below). In addition, both AG dinucleotides present in pre-mRNA D were used with about equal efficiencies for the second step of the splicing reaction. Thus, as predicted, the AG dinucleotide can dramatically affect branch-site selection in the presence of a short pyrimidine stretch.
In all of the pre-mRNAs containing duplicated BPSs described above, the downstream BPS, adjacent to purine-rich sequences, was either not used or was used very inefficiently. To demonstrate that these effects resulted from the presence of the adjacent purine stretch, rather than the location of the BPS within the premRNA, a pre-mRNA was examined in which the upstream BPS was adjacent to the purine-rich sequences and the downstream BPS was adjacent to pyrimidines. As shown in Figure 5 (a,b, lanes 5 and 6) , the spliced RNA product generated from this pre-mRNA is the same size as the spliced RNA generated from the control pre-mRNA (lanes 1 and 2) . In addition, one lariat-exon RNA species was observed with this pre-mRNA. These data indicate that the downstream BPS is used as the branch site in this lariat intermediate. Thus, the downstream BPS is capable of functioning when adjacent to pyrimidines, confirming the importance of a pyrimidine stretch directly adjacent to the BPS for efficient branchsite selection.
The downstream BPS was also used exclusively and efficiently in a pre-mRNA in which the upstream BPS is adjacent to a short pyrimidine stretch and AG dinucleotide, whereas the downstream BPS is located next to a long pyrimidine stretch and an AG dinucleotide (Fig.  5a, b, lanes 3 and 4) . The observation that the downstream site is used exclusively with this pre-mRNA suggests that a longer pyrimidine stretch is significantly more efficient than a shorter pyrimidine stretch, even in the presence of the AG dinucleotide.
Discussion
Previous studies suggested that the functional components at the 3' end of most introns in higher eukaryotes include a branchpoint sequence located at a conserved distance from the 3' splice junction and a 12-nucleotide pyrimidine tract adjacent to the AG dinucleotide. However, the data presented in this paper reveal that sequence arrangements deviating significantly from this canonical 3' splice site are efficiently recognized by the splicing machinery. In addition, different sequence requirements were identified for the first and second steps of the splicing reaction, suggesting that different factors interact with 3' splice site sequences during each step of the reaction. Finally, these studies show that the distance between the branch site and the 3' splice junction affects not only the first but also the second step of the splicing reaction, depending on the sequences in this region.
3' Splice site sequences required for efficient lariat formation
Two distinct 3' splice-site sequence arrangements were identified that promote efficient lariat formation. These include a short pyrimidine stretch (14 nucleotides), followed by an essential AG dinucleotide and a long pyrimidine stretch (26 nucleotides) without an AG requirement. In both cases, the pyrimidine stretch must be located immediately downstream from the branch site for maximal efficiencies of lariat formation.
A number of other functional 3' splice-site sequence arrangements are essentially derivatives of the sequence arrangement in which a long pyrimidine stretch replaces the AG requirement. For example, distant branch sites, located 68 and 116 nucleotides from the 3' splice junction, are used efficiently when a long pyrimidine stretch follows the branch site. Interestingly, a very extensive pyrimidine stretch follows the distant branch site in the alternatively spliced a-and [3-tropomyosin pre-mRNAs (Helfman and Ricci 1989; , and this pyrimidine stretch, rather than the 3' splice site, is required for lariat formation D. Helfman, pers. comm.) . Similar long pyrimidine stretches are also found adjacent to the distant branch sites in other alternatively spliced pre-mRNAs (E. Brody, pers. comm.; I. Mims and P. Bingham, pers. comm.). Thus, one mechanism for the use of distant branch sites may require the presence of a long pyrimidine stretch adjacent to the branch site.
The presence of a long pyrimidine stretch adjacent to the branch site also results in efficient lariat formation in introns containing purine-rich 3' splice sites. This sequence arrangement may explain the efficient use of some of the purine-rich 3' splice sites in naturally occurring pre-mRNAs (Mount 1982; Falkenthal et al. 1989; Shelley et al. 1985; Bernstein et al. 1986; Rozek and Davidson 1986; George et al. 1989) . In addition, a pyrimidine stretch following the branch site was required for efficient splicing when purine-rich sequences were inserted next to the AG in an SV40 intron (Fu et al. 1988) .
The pattern of branch site use observed with the premRNAs containing tandemly duplicated BPSs shows that the pyrimidine content of the sequences immediately adjacent to the BPS is a critical determinant of branch-site selection. These data may therefore explain why particular cryptic or normal BPSs are preferred over others. For example, the cryptic branch site (TAC-TAAA), rather than the normal branch site (TACTAAC), was used when the yeast actin intron was spliced in a HeLa cell nuclear extract (Ruskin et al. 1986 ). Examination of this pre-mRNA shows that the cryptic BPS is adjacent to pyrimidine-rich sequences (TACAAACTTTTTaTTTTgTaTTgCTTTT), whereas the normal BPS is followed by more purine-rich sequences (TACTAACaagTTgaaTTgCaTTTaCaaa). Similarly, the distant branch sites used in the alternatively spliced oL-and [3-tropomyosin pre-mRNAs (Helfman and Ricci 1989; are adjacent to long, uninterrupted pyrimidine stretches, whereas the nonfunctional BPSs downstream are followed by less pyrimidine-rich sequences. In contrast to higher eukaryotes, a pyrimidine stretch does not appear to be required for branch-site selection in yeast (Rymond and Rosbash 1985; Rymond et al. 1987) .
Although the length of the pyrimidine stretch was identified as an important parameter in determining the efficiently of lariat formation in the pre-mRNAs examined here, the quality of the pyrimidine stretch, whether it is continuous or interrupted by purines, is also likely to affect the efficiency of this reaction. In addition, the specific length and sequence requirements for the pyrimidine stretch in different pre-mRNAs may be affected by other parameters, such as the presence of multiple branch sites or the match of the branchpoint sequence to the consensus.
3' Splice site sequences required for efficient exon ligation
The sequences at the 3' site can affect the efficiency of the second step of the reaction. The magnitude of this effect, however, depends on the distance between the branch site and the 3' splice junction. When the BPS is within 18 and 40 nucleotides of the 3' splice junction, exon ligation occurs efficiently whether purine-or pyrimidine-rich sequences are adjacent to the BPS or AG dinucleotide. When the distance between the branch site and AG is increased, however, the sequences in between have a dramatic effect on the second step of the reaction. For example, when the branch site is located 68 nucleotides upstream from the AG, efficient exon ligation is observed when a pyrimidine stretch precedes the AG; in contrast, the second step of the reaction is abolished when this pyrimidine stretch is replaced with purines. Indeed, maximal efficiencies of the second step of the reaction may require continuous pyrimidine-rich sequences between distant branch sites and the 3' splice junction. This possibility is suggested by the observation that pyrimidine-rich sequences span the region between the BPS and 3' splice junction in all of the alternatively spliced pre-mRNAs that use distant branch sites (Helfman and Ricci 1989; . Data presented here suggest that such an extensive pyrimidine stretch is not essential for the first step of the reaction but, instead, may be required for the second step. A decrease in the efficiency of the second step of the reaction was also observed when purines replaced the pyrimidine stretch in an SV40 pre-mRNA (Fu et al. 1988) .
In most introns, a pyrimidine residue is located immediately upstream of the AG, adenine residues occur less frequently, and guanine residues are rare (Mount 1982) . Although a C residue preceded the AG in most of the introns examined in this study, a GAG followed closely (8 nucleotides) by a CAG was present in one intron. Both of these AG dinucleotides appear to be used with approximately equal efficiency. Previous studies suggested that the AG nearest to the branch site is used for the second step of the reaction . The use of both AGs in the study reported here may occur because GAG does not function efficiently for the second step of the reaction, leading to splicing at the more efficient CAG downstream. Inefficient use of GAG was observed previously in studies of the ~-tropomyosin intron . Alternatively, multiple AGs may function for the second step of the reaction if the AGs are clustered. Similar use of closely spaced AGs was also observed when multiple AGs were inserted at 3' Splice-site sequences in mammalian introns the 3' splice site of an SV40 (Fu et al. 1988 ) and adenovirus (Ulfendahl et al. 1989) intron. In these cases, the upstream AG was preceded by adenine and guanine residues, respectively.
Interactions between splicing factors and the 3' splice site
Several different factors appear to interact with sequences at the 3' splice site (Kramer 1988) , including three different heteronuclear RNP (hnRNP) proteins (Swanson and Dreyfuss 1988) , U1 snRNP (Zillman et al. 1987) , and two different proteins, designated U2AF and intron-binding protein (IBP). U2AF is thought to mediate U2 snRNP binding at the branch site (Ruskin et al. 1988) , whereas IBP may mediate U5 snRNP binding at the 3' splice site (Gerke et al. 1986; Tazi et al. 1986 ). Neither IBP nor U2AF binds to pre-mRNAs lacking the pyrimidine tract. Both of these factors also bind less efficiently to a pre-mRNA lacking the AG dinucleotide, although IBP binding is affected more severely by this mutation (Gerke et al. 1986; Tazi et al. 1986; Ruskin et al. 1988 ). Several observations suggest that U2 snRNP binding precedes binding of U5 snRNP during spliceosome assembly Sharp 1986, 1987; Bindereif and Green 1987; Kramer 1988) . However, the precise functional relationships between these factors, as well as the roles of the other factors that bind the 3' splice site, have not been established.
The data presented in this study are consistent with a model for branch-site selection that involves cooperative binding of a splicing factor(s), such as U2AF, to sequences at the 3' splice site. According to this model, pyAG constitutes a strong binding site for this factor, whereas py alone is a weak binding site (py and pur indicate short pyrimidine and purine stretches, respectively). The sequence arrangements, BPSpypyAG and BPSpypy could therefore bind two factors cooperatively whereas only one factor could bind to BPSpyAG. Very inefficient binding would be expected with BPSpy because one weak site is present. The relative strengths of 3' splice site sequences derived from data presented in this study are BPSpypyAG > BPSpyAG = BPSpypy > BPSpy. These relative strengths are the same as those predicted by cooperativity. The additional observation provided by this study, that branch-site selection is more efficient when the pyrimidine stretch is directly adjacent to, rather than separated from, the BPS (e.g., BPSpyAG versus BPSpurpyAG) could be explained if the factors bound to the pyrimidine stretch require direct contact with a factor, such as U2 snRNP, bound at the branch site. The pyrimidine stretch also appears to be required at a minimal distance from the AG dinucleotide for efficient cleavage at the 3' splice site and exon ligation. This reaction may involve a similar mechanism requiring direct contact between factors bound to the pyrimidine stretch and factors bound to the AG dinucleotide.
Sequences between the branch site and 3' splice junc-Reed tion are essential for the early steps of spliceosome assembly. These sequences have been shown to affect the choice of 5' splice sites in alternatively spliced premRNAs (Fu et al. 1988) and to be involved in the regulation of alternative splicing . The high degree of variability in functional 3' splice-site sequence arrangements suggests that this region of the intron may also play a central role in correct splice-site selection in pre-mRNAs containing multiple introns.
Materials and methods

Plasmid constructions
SP64 plasmids used in this study were constructed from a derivative of plasmid H[3ABam (Reed and Maniatis 1986) , which contains an XhoI linker in the MboII site (located at + 77 relative to the 5' end of intron 1). Initially, a parental clone was constructed by inserting an oligonucleotide into the XhoI site and the HinfI site ( + 165 relative to the 5' end of the intron) of the Hf~ABam derivative. The sequence of this oligonucleotide is as follows: 5'-TCGAGGTTTCTGGTGGGCACTGACTCTCT-TCCTTTGTCGACGCTGGTGGTG-3'. To construct the plasmids used in Figures 1-5 , appropriate oligonucleotides were inserted into a HincII site located within the oligonucleotide used to construct the parental plasmid. Refer to the figures for relevant sequence information. Further details on the plasmid constructions are available on request. The nucleotide sequence of the relevant regions of each plasmid was verified by chain-termination DNA sequencing (Sanger et al. 1977) .
Pre-mRNA synthesis and in vitro splicing
SP64 plasmids were linearized with BamHI for in vitro transcription. Pre-mRNA synthesis using SP6 polymerase was performed as described (Melton et al. 1984) . In vitro splicing reactions were carried out as described by Krainer et al. (1984) , except that polyvinyl alcohol was omitted. The reactions contained 5-i0 ng pre-mRNA and were incubated for the time lengths indicated in each figure legend.
Branch-site assignments
The conclusion that the upstream BPS is used for pre-mRNAs D and E in Figure 4 was based on the observation that the mobility of the lariat intermediates of these pre-mRNAs is the same as the lariat intermediate of pre-mRNA D in Figure 5 , in which the upstream BPS is used. Note that these three premRNAs are the same size and that the duplicated BPSs are located in the same positions. The conclusion that the upstream BPS is used for pre-mRNAs B and C in Figure 4 is based on the size of the lariat intermediate and on an oligonucleotide-diretted RNase H assay used previously to map the structure of lariat intermediates ; data not shown).
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Note added in proof
Using an in vivo cis competition assay in yeast, it has been shown that use of an alternative 3' splice site can be enhanced by increasing the uridine content preceding the AG dinucleotide; further, 3' splice sites preceded only by A-rich sequences are inhibited at the second step of splicing (B. Patterson and C. Guthrie, in prep.).
